Introduction
The sugarbeet root maggot (SBRM) Tetanops myopaeformis von Röder (Diptera: Otitidae) was first described as a sugarbeet pest in Utah in the 1920's (Hawley,1922) . It is now considered the major sugarbeet pest of the central and western sugar-beet-growing areas in the United States and Canada (Cooke, 1993) . Developing SBRM larvae feed on roots throughout the growing season, inflicting significant crop damage and yield loss. Control has come primarily through the application of pesticides to sugarbeet fields in order to reduce larval populations (Yun, 1986) . Cultural control practices, such as crop rotation, are difficult due to the mobility of the adult flies (Callenbach et al., 1957) . Also, the existence of several weed species as alternate hosts hinders population control (Mahrt & Blickenstaff, 1979) . Thus, alternative strategies for insect control are needed.
The use of genes encoding proteinase inhibitors (PIs) to transform crop plants for resistance to insect pests (see Jouanin et al., 1998, and Schuler et al., 1998 , for reviews) is an alternative approach to insect control. PIs occur naturally in a number of plant species and likely are a part of the natural defense mechanism against insects (Green & Ryan, 1972) . PIs specifically bind to and inhibit the action of digestive proteinases in the insect midgut, thereby exerting a deleterious effect on insect growth and development (Jongsma & Bolter, 1997, for review) . Due to significant variation in the types and properties of proteinases utilized by insects for dietary purposes (see Terra & Ferreira, 1994 , for a review), and the altered specificity that plant PIs possess toward such proteinases (Keilova & Tomasek, 1976; Abe et al., 1994; Brzin et al., 1998; Christeller et al., 1998; Pernas et al.,1998) , it is necessary to characterize the proteolytic activities of each individual pest species in order to devise a rational control strategy. This study examined the effect of pH, low-molecular weight inhibitors, and plant-derived PIs on substrate hydrolysis in order to identify the major midgut proteinases of the SBRM.
Materials and methods

Materials.
Azocasein, hemoglobin, L-trans-Epoxysuccinyl-leucylamido(4-guanidino)butane (E-64), pepstatin A, phenylmethylsulfonyl fluoride (PMSF), and soybean trypsin-chymotrypsin inhibitor (BowmanBirk inhibitor I, BBI) were from Sigma Chemical Co. (St. Louis, MO). Oryzacystatin I (OCI) (Abe et al., 1987) was expressed as a glutathione S-transferase (GST) fusion protein in Escherichia coli strain BL21 (Stratagene) as previously described (Michaud et al., 1994) . Aspartyl proteinase inhibitor (SQAPI) was pu-rifed using a modified procedure of Christeller et al. (1998) from squash, and consisted of several isoforms.
Insects. Sugarbeet root maggots (SBRMs) were collected as actively feeding 2nd instars from infested sugarbeet fields in Foxhome, MN. Midguts with full content were dissected under magnification within 48 h from time of collection. After splitting the body cavity lengthwise, the midgut was excised excluding the fore and hind gut. Midguts were immediately placed in a micro-eppendorf tube embedded in dry ice. Samples consisting of 25-50 midguts were then frozen at −80 • C.
Midgut extract preparation. The procedure of Michaud et al. (1995) was modified as follows: Frozen midguts were thawed on ice and homogenized following the addition of ice-cold citrate-phosphate buffer (pH 5.0) containing 0.1% Triton X-100. Debris was removed by centrifugation at 16 000 g for 5 min at 4 • C. Supernatants were transferred to fresh tubes and pellets re-extracted. Pooled supernatants were clarified by an additional centrifugation for 30 min at 4 • C. Cleared supernatants were concentrated using Microcon-3 microconcentrators (Amicon, Inc.) and 100 µl was applied to a Bio-Gel P6 column (BioRad). Flow-through was collected, aliquoted, and stored at −20 • C following protein determination using the Bio-Rad Protein Assay with bovine serum albumin (BSA) as a standard.
Proteinase and proteinase inhibitor assays. Azocaseinase determinations were adapted from Sarath et al. (1989) and Barrett & Kirschke (1981) . Enzyme extracts (containing from 5-15 µg protein) were combined with 5 µl of 2.4% Triton X-100, 34 µg of BSA, and 100 mM citrate-phosphate buffer at the appropriate pH to yield 40 µl. Eighty-microliters of 2% (w/v) azocasein (prepared in citrate-phosphate buffer of desired pH) was added, and the final reaction mix was incubated for 3 h at 37 • C. The final concentration of reactants was 0.1% Triton X-100, 0.028% (w/v) BSA, and 1.33% (w/v) azocasein in the 120 µl reaction mixture. Reactions were terminated by adding 300 µl of 10% (w/v) trichloroacetic acid (TCA). Samples were incubated on ice for 10 min followed by sedimentation of undigested substrate by centrifugation at 16 000 g for 5 min at room temperature.
Supernatants (∼380 µl) containing TCA-soluble peptide fragments were transferred to methacrylate cuvettes (Fisher Scientific) and their absorbance (A) measured at 335 nm using a Beckman DU-70 spectrophotometer. The A335 of blanks incubated for 3 h at 37 • C, which consisted of complete reaction mixtures minus extract, were used for background subtraction to account for spontaneous substrate degradation. Activators and proteinase inhibitors were included, when appropriate, in the 40 µl reaction mix prior to substrate addition. Concentrations of activators and inhibitors refer to their concentration in the final 120 µl reaction. For inhibition assays, the 40 µl reaction mix was preincubated approximately 5 min at 37 • C to allow for the proteinase-inhibitor interaction prior to substrate addition.
Due to the insolubility of azocasein below pH 4.5, hemoglobin was used as the substrate for determination of pH optimum and for inhibitor assays carried out at pH 3.0. The assay for hemoglobin proteolysis was based on the method of Houseman & Downe (1983) . It was conducted in the same manner as the azocasein assay with the following modifications. The volume of reactants prior to the addition of 40 µl of 2% (w/v) hemoglobin (prepared in 0.15 M NaCl) was 80 µl. Thus, the final concentration of reactants was 0.1% Triton X-100, 0.028% (w/v) BSA, and 0.67% (w/v) hemoglobin in the 120 µl reaction mix.
Reactions were terminated by the addition of 300 µl TCA and the absorbance measured at 280 nm. We define one unit of enzyme activity as being the amount of enzyme that will produce an absorbance change of 1.0 h −1 in a 1 cm cuvette, under the conditions of the assay.
Results and discussion
The primary aim of this work was to identify the major mechanistic classes of digestive proteinases in SBRM midguts to aid in the selection of plantderived inhibitors with potential use in generating transgenic plants to control SBRM. Proteolytic activity in extracts from SBRM larvae was measured from pH 2.5-10.0 (Figure 1 ) with hemoglobin as substrate. Extracts consist of two distinct proteolytic components on the basis of pH optima. One component of activity is evident at acidic pH with an optimum of 2.5 or lower, whereas the other component has a pH optimum of approximately 9.5. These activities were examined at pH 3.0 and pH 8.5 by the addition of lowmolecular weight biochemical inhibitors (Figure 2A ) that target the three major mechanistic classes of insect digestive endoproteinases. Pepstatin A, E-64, and Figure 1 . Effect of pH on hemoglobin hydrolysis by T. myopaeformis larval midgut homogenate. Buffers were citrate-phosphate ( ), phosphate ( ), or glycine-NaOH ( ). The experiment was repeated twice in replicates of two and the average specific activity ± s.e. of a single experiments graphed.
PMSF have preferential specificity toward aspartyl, cysteine and serine proteinases, respectively (Storey & Wagner, 1986) . Pepstatin A was by far the most effective inhibitor at pH 3.0 (83.9% inhibition) corresponding to the acidic component of activity. This result is in agreement with the fact that aspartyl proteinases are commonly reported in Dipteran insects (Terra & Ferreira, 1994) and that the proteinases of this mechanistic class are usually optimally active at pH 2-5 (Storey & Wagner, 1986) . Cysteine and serine proteinases have pH optimums of 4-7 and 7-9, respectively (Storey & Wagner,1986) , suggesting that PMSF inhibition (12.5%) at acidic pH has little relevance, but does not rule out the involvement of cysteine proteinases. E-64, which has high potency toward virtually all known cysteine proteinases (Barrett et al.,1982) , had only minor inhibitory activity (6.5%), suggesting little or no role for these proteinases. Their involvement also seems unlikely from the perspective of proteolytic activation by thiol compounds, which is considered diagnostic for the cysteine proteinases (Storey & Wagner, 1986) . When 5 mM L-cysteine was added to SBRM midgut extract at pH 5.5 (the pH optimum mid-point for this class), proteolytic activity actually decreased (−9.1%) rather than increased, as would be expected for cysteine proteinases (data not shown). At pH 8.5, corresponding to the basic prote- PEP, pepstatin A; PMSF, phenylmethylsulfonyl fluoride. Each inhibitor was used in excess (100 µM). (B) Effect of plant derived PIs. BBI, Bowman-Birk inhibitor I (soybean trypsin-chymotrypsin inhibitor); OCI, oryzacystatin I GST-fusion; SQAPI, squash aspartyl proteinase inhibitor. Test levels were 50 µg for OCI and BBI, and 10 µg for SQAPI. All reactions consisted of 5-10 µg crude midgut protein.
olytic component, only the PMSF treatment resulted in a sizable decrease in proteolysis (47.3% inhibition) (Figure 2A ), suggesting that serine proteinases are major contributors to proteolysis at higher pH. Pepstatin A and E-64 had little effect on proteolysis at pH 8.5, as would be expected since aspartyl and cysteine proteinases are not generally active at such high pH. However, experiments carried out at pH 6 were also negative for these two proteinase classes, as only PMSF effectively inhibited proteolytic activity (data not shown). Metalloproteinases, which generally are active at pH 7-9 and are inhibited by metal ion chelators such as EDTA (Storey & Wagner, 1986) , also appear to be absent since 5 mM, EDTA had no effect on proteolytic activity at pH 8.5 (data not shown). Thus, the only endoproteinases exhibiting considerable activity at basic pH are the serine proteinases, which are very common in Diptera (Terra & Ferreira, 1994) . Incomplete inhibition of the serine proteolytic activity is due presumably to the instability of PMSF at basic pH (James, 1978) , as well as possible insensitivity of a subfraction of the serine proteinases in the extract to this inhibitor.
The effect of several PIs on proteolytic activity ( Figure 2B ) was determined in order to confirm the identity of the classes assigned above, and to gauge the PI's potential for controlling SBRM when the corresponding genes are expressed in transgenic plants. Squash aspartyl proteinase inhibitor (SQAPI) (Christeller et al., 1998) blocked virtually all the proteolytic activity at pH 3.0, thus confirming the importance of the aspartyl class at acidic pH. Given that aspartyl proteinases similar to pepsin and cathepsin D are commonly observed in insects (Terra & Ferreira, 1994) , and that SQAPI possesses approximately 10-fold lower inhibitory activity towards cathepsin D compared to pepsin (V. Puizdar, unpubl.), these results are most consistent with a pepsin-like activity in SBRM. The relevance of OCI inhibition at pH 3.0 is unknown, as this cysteine proteinase inhibitor is not known to inhibit other enzyme classes and the above results using E-64 offer no convincing evidence of cysteine proteinases in the extract. Soybean trypsinchymotrypsin inhibitor (Bowman-Birk inhibitor I, or BBI blocked nearly all proteolysis at pH 8.5, suggesting the presence of trypsin and/or chymotrypsinlike serine proteinases in the extract. The potential for successfully implementing these PIs in transgenic applications will depend on several factors. Most importantly, information is needed about the effect of these inhibitors in vivo as there have been many recent studies demonstrating that in vitro inhibition of midgut activity does necessarily translate to transgenic success. This difficulty stems from the fact that many insects seem to be physiologically capable of avoiding toxicity due to protease inhibitor ingestion by secreting 'inhibitor-insensitive' enzymes and by the proteolysis of proteinase inhibitors by nontarget digestive proteases (Broadway, 1996; Jongsma & Bolter, 1997) . However, combining inhibitors effective against all the major proteolytic activities of a given insect offers a strategy of circumventing this problem. For SBRM, combining inhibitors for serine and aspartyl proteinases, such as BBI and SQAPI, would be expected to yield better control than the use of either inhibitor alone. This is due to an assumed enhancement of stability and additive effect on proteolytic inhibition, which we were unable to test in vitro because of the differing pHs at which each proteolytic activity exists. Whether or not these assumptions hold requires further testing of the combined PIs using SBRM larvae feeding bioassays.
